In this paper, modeling of energy harvesting from transient vibrations of slender wings using piezoelectric transduction is implemented in a strain-based geometrically nonlinear beam formulation. The resulting structural dynamic equations for multifunctional beams are then coupled with a finite-state unsteady aerodynamic formulation, allowing for both energy harvesting and piezoelectric actuation with the nonlinear aeroelastic system. With the development, it is possible to provide an accurate, integral aeroelastic and electromechanical solution of both energy harvesting from and active control for wing vibrations, considering the geometrical nonlinear effects of slender wings. The current paper focuses on modeling the energy harvesting subsystem and exploring its impact on the multifunctional system. Vibrations of a slender multifunctional wing excited by both aeroelastic instability and external wind gusts will be considered as the sources of energy harvesting. All simulations will be completed in the time domain to accurately capture the nonlinear behaviors of the slender multifunctional wing. Based on the time-domain analysis, results of this effort illustrate that the piezoelectric energy harvesting from transient vibrations may provide adequate energy to support onboard sensor operations. In addition, results indicate that a well-tuned piezoelectric energy harvesting system may control the wing vibration using the shunt damping effect. 
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At the same time, new structural technologies are under development, which may bring revolutionary changes to aircraft structures [19] [20] [21] [22] [23] . Among these new technologies, multifunctional structures are capable of performing multiple primary functions and can potentially improve aircraft performance through consolidation of subsystem materials and functions [24] [25] [26] [27] [28] [29] [30] . The combination of new structural technologies and aeroelastic design and analysis methods may synergize to create new highly flexible UAV designs, which may enhance the effectiveness and improve the capability of such aircraft by consolidating the structural weight without sacrificing the aeroelastic and flight performance requirements.
Among the new developments of UAVs, there is growing interest in designing energy-saving autonomous UAV systems. Onboard energy harvesting is considered as a significant approach to design such autonomous systems and push the flight envelop while reducing the weight [27, [31] [32] [33] [34] [35] [36] . This results in self-sustained multifunctional wing structures that include subsystems of sensing, energy harvesting, energy storage, and actuating. The mechanical vibrations of structural components due to in-flight gust perturbations and limitcycle oscillations caused by aeroelastic instabilities are potentially a major energy source. With piezoelectric materials (e.g., QuickPack® QP10n) embedded in wing structures as sensors and harvesters, elastic strain energy may be converted to electric charge. On the other hand, piezoelectric actuation can induce the desired mechanical deformation through applied electric potential [33] for active vibration control of the autonomous system.
To explore a potential approach of enhancing the flight performance of highly flexible autonomous aircraft, this paper will focus on the modeling of energy harvesting using piezoelectric materials for such aircraft. In previous studies [36, 37] , piezoelectric vibrationbased energy harvesting has been considered as a possible solution because of the potential to supply additional power without a significant weight penalty. Anton and Inman [32] investigated the possibility of harvesting vibration and solar energy by performing flight experiments in which a UAV's wing spar with surface-mounted piezoelectric patches was able to generate a power of 11.3 μW in the level flight, which was useful for low-power sensor systems. Thus, piezoelectric energy harvesting is attractive because it may reduce the total weight of an aircraft by providing power supplies to its sensing and actuating systems, eliminating the electrical and hydraulic lines.
Many research groups from different fields have developed approaches to model the electromechanical behavior of piezoelectric energy harvesters. Early studies have modeled the piezoelectric energy harvester using a simplified lumped model with beam-bending vibrations [35, 38] . Even though the approach was effective, the lumped model had some disadvantages, such as the over simplification of the real physics. To improve the accuracy, some distributed models have been applied in the subsequent studies. For example, Bilgen et al. [39] modeled the cantilever beam with embedded piezoelectric materials using the linear Euler-Bernoulli beam theory. This approach has been applied to the energy harvesting and gust alleviation of a small UAV [31] . Sodano et al. [40] developed a model of the piezoelectric powerharvesting device based on works of Hagood et al. [41] and Crawley and Anderson [42] . They used energy methods to develop the constitutive equations of a bimorph piezoelectric cantilever beam. The model was solved with the Rayleigh-Ritz procedure. Erturk and Inman [43] provided corrections and necessary clarifications for physical assumptions in energy harvesting. More recently, De Marqui et al. [34] presented an electromechanically coupled finite-element plate model for predicting the electrical power output of piezoelectric energy harvester plates. Anton et al. [44] presented the investigation of a multifunctional energy harvesting and energy-storage wing spar for UAVs.
However, most of the preceding works were based on linear beam theories, which cannot capture the nonlinear behavior of highly flexible multifunctional wings. To accurately predict the dynamic behavior of such slender multifunctional wings with energy harvesting (and active control in the future studies), the aeroelastic model should (1) be effective in modeling nonlinear aeroelasticity and flight dynamics of highly flexible aircraft, (2) consider the coupling with electromechanical effects of the piezoelectric materials (both energy harvester and actuator), and (3) facilitate the control design of energy harvesting and actuation. As a requirement, the modeling should be based on a geometrically nonlinear aeroelastic solution of highly flexible vehicles. The strain-based aeroelastic formulation [6] [7] [8] has been applied in the studies on different highly flexible configurations. The beam formulation makes no approximation to the deformation of the beam reference line, which is geometrically exact and can accurately model the large deformations of composite beams. Moreover, it solves directly for the beam curvatures that are the variables measured by typical sensors in control studies (e.g., strain gauges). In this study, the geometrically nonlinear aeroelastic formulation [6] [7] [8] will be coupled with the electromechanical equations for piezoelectric materials. This is the accurate approach to integrally model energy harvesting and active control of highly flexible aircraft with piezoelectric materials. In addition, simulations of the slender multifunctional wings under gust perturbations, as a source of the piezoelectric energy harvesting, will be performed in the time domain using stochastic gust histories, instead of applying the gust power spectrum density functions in the frequency domain. Such timedomain gust and energy harvesting analysis will capture the real nonlinear behaviors of aircraft in free flight, which is difficult to obtain from frequency-domain analyses.
To summarize, the theoretical formulation of piezoelectric energy harvesting will be presented first in this paper. The multifunctional modeling is based on a strain-based geometrically nonlinear aeroelastic formulation, allowing for the energy harvesting from large deformations of slender wings. The developed multifunctional wing model will then be validated against the experimental vibration tests from Sodano et al. [40] , followed by some numerical studies on the piezoelectric energy harvesting of a highly flexible multifunctional wing from its nonlinear vibrations caused by the aeroelastic instability or external wind gusts, where passive vibration suppression will also be discussed with some tuned piezoelectric parameters. From this work, a transient analysis tool is created for energy harvesting simulations of highly flexible multifunctional wings, considering the geometrically nonlinear effects.
II. Theoretical Formulation
The theoretical formulation involved in this study is introduced in this section, where piezoelectric energy harvesters are modeled in a strain-based beam formulation. The strain-based beam [45] and aeroelastic [7, 8] formulations have been introduced in the literature. In the beam formulation, the structural members are allowed fully coupled three-dimensional bending, twisting, and extensional deformations. Finite-state inflow theory [46] is incorporated for aerodynamic loads on lifting surfaces.
A. Multifunctional Wing Structure Figure 1 illustrates a multifunctional beam with both energy harvesting and actuation capabilities, using piezoelectric materials. The current work will only focus on the modeling of the energy harvesting. For simplicity, the harvester converts the energy of beam oscillations in the out-of-plane (flat) bending direction to the electric energy.
The constitutive equation for piezoelectric materials is given as
in which σ is the material stress, B is the electric displacement, D is the piezoelectric material stiffness matrix, e is the piezoelectric coupling, ζ is the permittivity, ε is the material strain, and E is the electric field, which is obtained from the gradient of the electric voltage v across the piezoelectric layer:
The coupled electromechanical effect of piezoelectric material will be considered when deriving the equations of motion.
B. Fundamental Descriptions of Beam Model
A cantilever beam will be defined in a fixed frame B. A local beam frame (w) is built within the B frame (see Fig. 2 ), which is used to define the position and orientation of each node along the beam reference line. Vectors w x s; t, w y s; t, and w z s; t are bases of the beam frame w, the directions of which are pointing along the beam reference axis, toward the leading edge, and normal to the beam (wing) surface, respectively, resolved in the B frame. The curvilinear beam coordinate s provides the nodal location within the body frame.
To model the elastic deformation of slender beams, a nonlinear beam element is developed in the work of [45, 47] . Each of the elements has three nodes and four local strain degrees of freedom, which are extension, twist, out-of-plane bending curvature (κ y ), and in-plane bending curvature (κ z ), respectively, of the beam reference line:
which is not to be confused with the strain of the materials ( ε) in Eq. (1), even though they are related. Positions and orientations of each node along the beam are determined by a vector consisting of 12 components, which is denoted as
in which p w is the nodal position resolved in the B frame and the orientation is represented by the base vectors of the w frame (w x , w y , and w z ). The derivative and variation-dependent variable h are derived from those of the independent variable ε using the Jacobians, given as
in which the Jacobians are obtained from kinematics [12, 45] J hε ∂h ∂ε
with J p ε and J θ ε being additional Jacobians relating the nodal position and orientation to the elemental strain [12, 45] .
C. Equations of Motion
The equations of motion are derived by following the principle of virtual work. A detailed derivation in which the electromechanical coupling effect was not considered is found in Su and Cesnik [7, 45] . In the new development, the internal virtual work will include contributions of inertia forces, internal strains, and strain rates, as well as those of the electromechanical effects. The internal virtual work of the multifunctional beam is given as
in which ε 0 is the initial strain of the beam and B v is the electromechanical coupling matrix, obtained from the cross-sectional value:
in which A is the cross-section area of the piezoelectric layer. z p is the distance between the elastic axis of the beam and the piezoelectric layer (see Fig. 3 ). Quantities b p , t p , and s p are the width, thickness, and length of the piezoelectric layer, respectively. The capacitance of the energy harvester is defined as 
Note that when the bimorph structure connecting piezoelectric layers in parallel is considered, the electromechanical coupling and capacitance will be doubled. The external work includes contributions of gravitational force, distributed force, distributed moment, point force, point moment, and the work of the electric charge of the piezoelectric layer. The total external virtual work is
, and M pt are the gravity field, distributed forces, distributed moments, point forces, and point moments, respectively. N, B F , and B M are the influence matrices for the gravitational force, distributed forces, and distributed moments, which come from the numerical integration. In addition, Q is the total charge accumulated over the electrodes, the time derivative of which is the current:
Based on Eqs. (7) and (10), the variations of the dependent variables (h, p w , and θ) and their time derivatives can be replaced by the independent variable (ε) by applying the Jacobians [see Eq. (5)] and their subsets. Therefore, the total virtual work on a beam can be written as
Finally, the variations of the strain and the voltage are both arbitrary, which yields the electromechanical system's equations of motion:
in which the generalized inertia, damping, stiffness matrices, and generalized force vector are
As shown in Eq. (14), the generalized force vector involves the effects from initial strains ε 0 , gravitational field g, distributed forces
D. Unsteady Aerodynamics
The distributed loads, F dist and M dist in Eq. (14) are divided into aerodynamic loads and user-supplied loads. The unsteady aerodynamic loads used in the current study are based on the twodimensional (2-D) finite-state inflow theory, provided in Peters and Johnson [46] . The theory calculates aerodynamic loads on a thin airfoil section undergoing large motions in an incompressible inviscid subsonic flow. The lift, moment, and drag of a thin 2-D airfoil section about its midchord are given by
in which b c is the semichord and d is the distance of the midchord in front of the reference axis. The quantity −_ z∕ _ y is the angle of attack that consists of the contribution from both the steady state angle of attack and the unsteady plunging motion of the airfoil. The different velocity components are shown in Fig. 4 . The inflow velocity λ 0 accounts for induced flow due to free vorticity, which is the weighted summation of the inflow states λ as described by Peters and Johnson [46] and governed by
The aerodynamic loads about the midchord center are transferred to the wing elastic axis and rotated into the fixed B frame for the solution of equations of motion.
E. Gust Modeling
The Dryden and von Karman [48] gust models are the classical approaches to describe the atmosphere turbulence using the power spectral density (PSD) functions. Because the Dryden PSD function has a simpler form than that of the von Karman model, which facilitates the generation of gust signals, it is chosen in the current studies, although the von Karman gust model can be applied in future works because it agrees better with experimental data [49] . The PSD function is given as
in which σ w is the root mean square (RMS) vertical gust velocity, L w is the scale of turbulence, and U ∞ is the aircraft trim velocity. The scale length L w is dependent on the aircraft's altitude H, given as in which w 20 is the wind speed at 20 ft (6 m) height altitude. Typically, for weak turbulence, the wind speed at 6 m is 7.72 m∕s; for moderate turbulence, the wind speed is 15.43 m∕s; and for strong turbulence, the wind speed is 23.15 m∕s. For a very strong turbulence, the wind speed is chosen as 75 m∕s, over three times higher than that of the strong turbulence. Gust signals will be generated using the inputs of the gust intensity, scale length, and PSD function at a given flight velocity and altitude. In doing so, a Gaussian white noise source with the PSD function Φ n ω 1 in the frequency band of interest is used to provide the input signal to a linear filter (transfer function) H w s, which is chosen such that the squared magnitude of its frequency response is the PSD function Φ w ω. The output from the transfer function is then the random continuous gust, the PSD of which is related to the PSD of the input signal as follows:
Finally, an expression for the Dryden model's transfer function can be found through spectral factorization of Φ w ω, which is
III. Numerical Validation
The theoretical formulation is firstly applied to simulate a slender beam with an attached Midé Technology Corporation QuickPack model QP40N and compared to the vibration tests performed in Ref. [40] . The properties of QP40N are shown in Table 1 [40] , where the permittivity of free space ζ 0 is 8.854 pF∕m. In the experiment, QuickPack QP40N was clamped at the point of 92.6 mm from the free end and mounted to an electromagnetic shaker. As a validation, some experimental cases in Ref. [40] are numerically reproduced using the developed formulation. Figure 5 compares the numerical and experimental output currents from the harvester when shaken at 25 Hz with two different resistors. Note that due to the high-frequency response in the experiment, only the contours of the experimental data, showing the magnitudes of the vibrational data, are measured and plotted in the figure for the comparison with the numerical data. The output currents across the 10 and 100 kΩ resistors, respectively, with the 50 Hz excitation are shown in Fig. 6 . From the figures, the peak values from the simulation fall in a 6% difference from the measured experimental data. Even though the frequencies of the current outputs from the numerical simulations are not directly compared to the experiments, because accurate frequency data are not available based on the plots in Ref. [40] , it is still reasonable to conclude that the predictions of the electric outputs by the numerical model with different beam vibrations and resistive loads are accurate.
To verify the convergence of the finite-element discretization of the piezoelectric properties, the reverse (actuation) effect of the piezoelectric material is studied with the same QuickPack QP40N device. A constant external voltage (5 V) is applied across the QP40N, resulting in the static beam flat bending deformation. Even though the beam mesh is refined, the beam tip vertical deflections remain the same (see Fig. 7 ). From Eq. (8), mesh refinement changes the discrete piezoelectric coupling matrix B v proportionally to the elemental stiffness matrix. Therefore, the resulting flat bending curvature (κ y ) is the same, no matter how the mesh is refined. Even though the static beam deformation is insensitive to the refinement of the mesh, a tenelement mesh is then used to discretize the beam, while the externally applied voltage is varying. The beam flat bending curvature (κ y ) is proportional to the applied voltage according to Eq. (13). The tip deflection, however, is determined by the nonlinear kinematical relation [12, 45] , which is not proportional to the applied voltage due to the geometrical nonlinear effect (see Fig. 8 ).
Prediction of energy harvesting from the beam vibration may be sensitive to the mesh. In this case, a sinusoidal force of 1 N magnitude and 10 Hz frequency is applied at the wing tip in the vertical direction. Figure 9 shows the instantaneous tip vertical deflection and the total voltage output from the beam at the end of two cycles (0.2 s) with the change of the number of beam elements. Both the deflection and the voltage output converge within a 1% relative error, when the beam is discretized into nine elements. 
IV. Numerical Studies
In this section, energy harvesting from the transient vibrations of a slender wing, using the derived electroaeroelastic formulation, is presented. Limit-cycle oscillations and wing vibrations excited by wind gusts are considered as the sources of the energy harvesting. In addition, shunt damping effects are studied for passive vibration suppression.
A. Highly Flexible Cantilever Wing for Energy Harvesting
As a piezoelectric energy harvesting system, a highly flexible cantilever wing is designed with a PZT-5A thin film attached to the wing spar (see Fig. 10 ). The wing airfoil is NACA0012. The wing spar has a thickness of 0.03 m and a width of 0.25 m, located at 0.375 m from the leading edge. The physical and geometrical properties of the wing and PZT-5A film are given in Table 2 , and more of the piezoelectric properties of PZT-5A can be found in Ref. [33] . TSUSHIMA AND SU
The wing cross-sectional properties are unified based on the properties of both the spar and the PZT-5A film. The wing is divided into 10 elements. Each element is modeled as an independent energy harvester. To complete the circuit, a resistance of 1 MΩ is used.
B. Energy Harvesting from Aeroelastic Instability
From time-domain simulations, the flutter instability of the highly flexible wing can be observed when the freestream velocity U ∞ is about 52 m∕s, as shown in Fig. 11 . Note that in these simulations, the energy harvesting function is still turned off, even though the piezoelectric materials are already embedded in the wing structure. If the freestream velocity is slightly above the flutter boundary, the growth of vibration amplitude will be very slow due to the small aeroelastic damping. Therefore, the following studies will be performed at a higher freestream velocity U ∞ 55 m∕s to facilitate the observation of the limit-cycle oscillations. Figure 12 shows the limit-cycle oscillations with the energy harvesting function turned off and on, at the 55 m/s freestream velocity. Because a one-layered PZT harvester is used in this case, no significant piezoelectric shunt damping effect can be observed. Even though the behaviors look very close to each other, a slight phase change can be seen in this case from Fig. 12 (right), which shows the results between 99 and 100 s of the two simulations. The phase change indicates the impact of the energy harvester subsystem on the system behavior as an additional load component to the aeroelastic system [see Eq. 14)]. According to the snapshots of the wing deformations between 90 and 100 s (see Fig. 13 ), both the first and second out-of-plane bending vibration modes can be observed in addition to the steady-state deformation of the beam. Correlating with such a deformation mode, both the root and middle portions of the wing may provide higher voltage outputs, where the local strains are relatively larger than the rest locations along the wing, as can be observed from the RMS voltage (V rms ) outputs from each harvester or element (see Table 3 , line of e 31 −10.4 C∕m 2 ). Figure 14 illustrates the total voltage output from the energy harvesting system. With this wing configuration attached with a single-layered PZT5-A film, the total RMS voltage output from the postflutter limit-cycle oscillation between 90 and 100 s is 5.78 VAC, which will be adequate for powering onboard lowpower sensors (e.g., temperature sensors) of the airplane.
The piezoelectric shunt damping of the multifunctional wing is then tuned to study the impact of the passive shunt damping effect [50] on the wing vibration. A parametric study is performed here without using a sophisticated optimization scheme. In this study, a sinusoidal distributed force with a 5 N/m magnitude and a 2.5 Hz frequency is applied along the vertical direction of the wing. The vertical wing tip deflections are observed with the change of the piezoelectric properties. It can be noticed that this study only tunes the shunt damping with a structural vibration, without considering the fluid-structure interaction. However, the tuned piezoelectric parameters will be further applied to the aeroelastic energy harvesting and passive vibration control study in the following section, as long as the limit-cycle oscillation can be effectively suppressed by using the tuned parameters. For the study here, the piezoelectric effect is magnified by increasing the piezoelectric coupling term e, which is almost equivalent to increasing the number of PZT5-A film layers, resulting in a multilayered piezoelectric film. However, the structural properties are assumed to be unchanged even with the use of the multilayered PZT5-A film. Figure 15 shows the result, where a large reduction of the vibration magnitude is observed, with the piezoelectric coupling e 31 being −416 C∕m 2 . Note that the increase of piezoelectric coupling constant e 31 is equivalent to the increase of piezoelectric layers without geometrical change. There exists a specific value of the piezoelectric coupling constant (around −208 C∕m 2 in this case) at which the resonant shunt gets mistuned and loses its damping, resulting in the increased vibration magnitude. On the other hand, the resistance load is changed down to 100 Ω while keeping the piezoelectric coupling e 31 as −416 C∕m 2 . The results are shown in Fig. 16 . The system with 1 kΩ resistance shows an overall reduction in the vibration magnitude.
The investigation on the fluttering multifunctional wing is further performed. In this case, the piezoelectric coupling e 31 is tuned to be −416 C∕m 2 , and resistance R is changed to 1 kΩ. Even though the freestream velocity is still above the flutter boundary, the wing vibration is suppressed by the single-mode shunt damping effect (see Fig. 17 ), which can be clearly observed from the comparison with the baseline case. A low-voltage output is still available, as long as the vibration is not completely damped out. The output voltage from each element is listed in Table 3 (line of e 31 −416 C∕m 2 ). Figure 18 shows the steady-state deformation and snapshots of the vibratory component of the tuned wing between 90 and 100 s. Compared with the deformation shown in Fig. 13 , the vibration of the tuned wing is almost, but not completely, suppressed by the shunt damping. Because of the shut damping, the dominant vibration mode is changed, resulting in the change of curvature as well as the voltage output on each element. The total output voltage amplitude at the end of 100 s is about 0.58 VAC, and the total RMS voltage output from the postflutter limit-cycle oscillation between 90 and 100 s is 0.36 VAC. From this study, the capability of harvesting electric energy from the mechanical wing vibrations has been demonstrated. Passive vibration suppression by a tuned piezoelectric harvesting device is also verified to be feasible. Further exploration can be made to tune the shunt damping while balancing between the vibration suppression and the necessary vibration for the energy harvesting. The optimal multifunctional material placement will also need to be considered.
C. Energy Harvesting from Gust Excitations
Energy harvesting of the highly flexible wing with the one-layered harvester under gust perturbations are investigated using the developed model. The flight altitude is 20,000 m, and the speed is 18 m/s. The Dryden gust model is applied to generate gust signals to represent typical weak, moderate, and strong turbulence, as well as very strong turbulences. Because of the randomness of the gust, four gust time histories are generated for the very strong cases from the same PSD function. When the gust signals are generated, the frequencies of gust components are all truncated at 6 Hz, because the energies of highfrequency gusts are small, as shown in Fig. 19 .
The summary of the simulation cases and the corresponding total voltage outputs are tabulated in Table 4 . Figures 20 and 21 show the time histories of the gust signals, and the resulting wing tip deflections and voltage outputs from each case are plotted in Figs. 22-25 . Note the wing hits the gusts after 1 s into the simulations. The voltage outputs are 0.81, 1.34, and 2.01 V from the weak, moderate, and strong turbulence, respectively. The output can be increased to 5.71 V with the very strong turbulences (an average of the four simulations). Again, this amount would be possible to power up the aforementioned low-power sensors. As can be seen from the results, the wing tip displacements under the very strong turbulences are already large, yet the voltage outputs are not sufficient for regular flight control applications (e.g., gust alleviation). Therefore, more layers of the piezoelectric materials are necessary to allow more energy to be harvested. In addition, it will be more feasible to convert the AC outputs from the energy harvesting to DC signals and accumulate the energy in a storage subsystem for planned flight control applications.
V. Conclusions
An approach for the modeling of energy harvesting from transient vibrations of slender wing structures using piezoelectric transduction was introduced in the paper. A strain-based geometrically nonlinear beam formulation was enhanced with the electromechanical model of the piezoelectric effect. Large deformations, especially the limitcycle oscillations, of slender multifunctional beams were accurately captured. This can provide an accurate approach to integrally model energy harvesting and active control of highly flexible multifunctional wings with piezoelectric materials. For aeroelastic analysis, finite-state unsteady subsonic aerodynamic loads were coupled to the wing surface. The coupled electroaeroelastic model enabled the prediction of the electric outputs and the mechanical deformations with piezoelectric shunt damping under external wing excitations. The numerical simulations were run in a computer with dual processors at 3.10 GHz and 8 GB memory. All simulations can be finished within 1-8 h, depending on the length of the simulated time duration. Therefore, the numerical multifunctional aeroelastic formulation is considered as efficient, due to the benefit of the low-order formulations.
Based on the validated multifunctional wing model, piezoelectric energy harvesting from the wing vibrations due to the aeroelastic instability and wind gust excitations was studied. Stochastic gust signals created based on the Dryden gust model were applied in timedomain energy harvesting analyses. This allows for accurate estimation of the nonlinear behaviors and energy harvesting of slender multifunctional wings. With the highly flexible cantilever wing designed for the energy harvesting simulations, the flutter boundary was estimated as 52 m/s. Energy harvesting from the transient vibration was simulated at a freestream velocity of 55 m/s. With a single-layered PZT-5A film, the estimated total output voltage was about 6.5 V. Moreover, the piezoelectric shunt damping effect became more prominent with a tuned multilayered piezoelectric harvester. Therefore, with a well-tuned piezoelectric structure, one could potentially either harvest the vibrational energy or suppress the wing vibration. Because the voltage output from the piezoelectric energy harvesting system was dependent on the wing deformation, the shunt damping effects would change the elemental voltage output while impacting the wing vibration behavior. Electric energy can also be harvested from the wing vibrations due to gust perturbations. With the Dryden gust model, typical turbulences of weak, moderate, and strong intensity were studied. They may produce about 1-2 Voutput with the specific wing configuration. The very strong turbulence provided an average of 5.71 V output from four independent time histories of the gust.
From the study, an efficient system with dual functions of both energy harvesting and passive vibration suppression may be developed by optimizing the piezoelectric shunt damping. The optimization should be performed considering the balance between the vibration reduction and the required harvesting energy amount. Because of the intermittent behavior of gust and the alternating current from the direct harvested energy, an energy regulation and storage subsystem is necessary so as to accumulate the harvested electric energy to support in-flight aircraft control. After all, this study provides a foundation of the integral energy harvesting and active vibration control of highly flexible aircraft with multifunctional structures in free flight. Development of a robust, energysaving control algorithm to actuate the multifunctional system for vibration control will be part of the future work. Future studies will also be extended to the active gust and stability control of such vehicles with the integrated energy harvesting subsystem.
